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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Electrode structure and performance 
were analyzed by 3D simulation with X- 
ray CT.

• 3D simulation with real AM structure 
provides higher accuracy than P2D 
simulation.

• Smaller AM particles support higher Li 
diffusion, which leads to higher 
capacity.

• Larger AM particles accumulate Li only 
on the surface, suppressing Li 
diffusivity.

• Not just AM particle size, size distribu
tion is important for battery 
performance.
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A B S T R A C T

To enhance all-solid-state battery performance, optimization of the electrode structure through highly accurate 
simulations is essential. However, conventional pseudo-two-dimensional simulations are limited in accuracy, and 
three-dimensional (3D) simulations have rarely been studied owing to the computational cost and challenges in 
reproducing the actual electrode structure. In this study, we perform 3D simulations using a finite element 
method that incorporates the actual electrode structure obtained from X-ray computed tomography images. The 
3D simulation reproduced experimental results more accurately than the pseudo-two-dimensional simulation, 
particularly in capturing the gradient of discharge curves associated with lithium diffusion in the active material 
(AM), especially at high C-rates. This improvement is attributed to the 3D simulation’s ability to account for the 
AM particle size distribution. Moreover, results from the 3D simulations show that relatively smaller AM particles 
exhibit higher lithium diffusion efficiency, enabling higher capacity among these particles. Conversely, relatively 
larger AM particles accumulate high lithium concentrations only on the particle surface, thereby reducing cell 
performance. These findings reveal that the AM particle size and particle size distribution are key factors in 
battery performance. Moreover, our approach is expected to accelerate the development of high-performance 
batteries leveraging 3D simulations.
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1. Introduction

As the electric vehicle market expands, the development of high- 
performance and high-safety batteries has become crucial. For 
example, conventional lithium-ion batteries have a serious risk of igni
tion because they rely on flammable organic electrolytes [1,2]. Notably, 
all-solid-state lithium-ion batteries (ASSLiBs) are expected to be used in 
next-generation technologies because they use non-flammable solid 
electrolytes (SEs) that are highly stable [3]. Furthermore, ASSLiBs can 
achieve high energy density because lithium metal is directly used in the 
anode and minimizes the cooling system volume in the vehicles [4,5]. 
However, like other batteries, ASSLiBs face the challenge of capacity 
degradation during rapid charging and discharging. To address this 
issue, lithium-ion transport in the SE, electrochemical reactions at the 
SE-active material (AM) interface, and lithium diffusion in the AM must 
be improved through electrode structure optimization. Nevertheless, 
optimizing the electrode structure is challenging with experimental 
approaches alone owing to the complex interplay of material charac
teristics and internal phenomena of each material. Therefore, various 
studies have examined the relationship between electrode structure and 
ASSLiB performance by employing simulations [6–17], predominantly 
using the pseudo-two-dimensional (P2D) and three-dimensional (3D) 
models.

Newman et al. applied structural parameters, including the tortu
osity and volume fraction of battery materials, in P2D simulations [6–8]. 
Tortuosity is related to the transport distance of lithium ions and elec
trons within the AM and SE, respectively. An increase in tortuosity in
dicates longer transport distances of lithium ions and electrons. 
Therefore, P2D simulations with tortuosity are used to evaluate battery 
performance by considering the ohmic overpotential due to their reli
able ionic conductivity. In a more advanced approach, Iwamoto et al. 
incorporated not only these parameters but also the specific contact area 
diameter (DSCA) measured by X-ray computed tomography (CT) into 
P2D simulations [9]. The DSCA parameter reflects AM aggregation in the 
cathode, meaning that the activation overpotential at the AM-SE inter
face and the diffusion resistance in the AM particles can be considered 
more accurately. In a previous study, P2D simulations with DSCA 
revealed that atomizing the AM particle size reduces AM aggregation, 
shortens the lithium diffusion distance in the AM, and increases battery 
capacity [10]. However, P2D simulations cannot account for variations 
in AM particle size and shape because a uniform AM particle size is 
assumed based on the DSCA, limiting their accuracy and precision.

Although several studies have focused on 3D simulations of ASSLiB 
performance, few have been reported [11–17]. Bielefeld et al. demon
strated that smaller AM particles enhance the electronic conductivity in 
composite cathodes by increasing the surface area available for particle 
connections [11]. They also highlighted the adverse effects of polymeric 
binders on ionic conductivity and active surface area, emphasizing the 
need to optimize binder content for higher electrode performance [12]. 
M. So et al. employed the discrete element method to simulate the 
compaction of cathodes in ASSLiBs, analyzing the impacts of solid 
electrolyte coatings on ionic transport, electrode performance, and 
mechanical damage [13]. Yamakawa et al. used phase-field modeling 
and neural network regression to investigate the impact of cathode 
microstructure on the high-rate discharge capacity in ASSLiBs [14]. In 
these papers, the cell components were initialized as spheres, meaning 
that particle shape deviations were not considered. In contrast, Huang 
et al. modeled the electrochemo-mechanical response of ASSLiBs using 
3D reconstructions, revealing the effects of interfacial stability and 
diffusion-induced stress on battery performance [15]. Fathiannasab 
et al. simulated the spatial distribution of electrochemical properties in 
ASSLiBs using a 3D reconstructed electrode model and demonstrated 
how pressing pressure affects lithium-ion uniformity and battery per
formance [16]. Finsterbusch et al. identified reactions at the cathode-SE 
interface as the primary limitation in garnet-based ASSLiBs, proposing 
optimization strategies based on experiments and 3D microstructure 

modeling [17]. However, only a small region of the electrode was 
reconstructed in these studies, limiting the amount of AM considered 
within the simulations. Furthermore, most studies did not directly 
compare the simulation results with experimental data, lacking quan
titative validation [11–16]. Even if a quantitative comparison was 
conducted, structural differences between the actual and simulated 
electrodes may arise because the expected performance of the entire 
electrode was modeled based on the behavior of a small portion, which 
was done to reduce the computational cost [17].

Using real electrode structures over larger regions remains rare 
among studies focused on 3D simulations, although considering particle 
size and shape variations in the AM across a large electrode region is 
critical for achieving high-precision simulations. On the basis of this 
understanding, we conducted 3D simulations of ASSLiBs with real 
electrode structures obtained from X-ray CT. The AM’s particle shape 
and size deviations were observed by X-ray CT, and the electrode was 
reconstructed as a whole in the thickness direction, not just a part. The 
3D simulation results were compared with experimental results ob
tained under the same conditions to validate their accuracy. Addition
ally, these results elucidated how changes in the median AM particle 
diameter (D50AM) affect battery performance. This study aims to 
confirm the effectiveness of 3D simulations based on real electrode 
structures obtained from X-ray CT images and demonstrate their design 
potential for improving ASSLiB performance.

2. Experimental and numerical procedures

Experimental and numerical methods were conducted to confirm the 
validity of 3D simulations and elucidate the lithium diffusion charac
teristics in actual electrodes. Herein, cathodes with two different median 
AM particle diameters (D50AM) were prepared using Li4Ti5O12-coated 
LiNi0.8Co0.1Mn0.1O2 as AM particles (D50AM = 6 or 12 μm), Li- 
argyrodite as SE particles (Idemitsu Kosan, D50 = 1 μm), and a 
conductive additive (DENKA BLACK). The AM, SE, and conductive ad
ditive were combined in proportions of 75, 22, and 3 wt%, respectively. 
The volume fraction of AM, SE and void were 0.46, 0.44 and 0.1 
respectively. The AM and SE volume fractions were calculated based on 
true densities, weight fractions, and void fractions.

In the experimental approach, X-ray CT analysis and discharge ex
periments were performed to evaluate battery performance. For nu
merical methods, P2D and 3D simulations were conducted, and X-ray CT 
images of the electrode structure were acquired to support both simu
lation approaches. The 3D and P2D simulation results were then 
compared with the experimental results to assess their validity. Then, we 
discussed internal phenomena, such as lithium diffusion, in real elec
trode structures using these 3D simulation results.

2.1. Experimental procedures

2.1.1. X-ray CT measurement
X-ray CT measurements were conducted for the two cathode samples 

with different AM particle sizes. Samples were pressed into pellets by 
molding 12 mg of cathode composites at 200 MPa. This compression 
pressure is within the typical range used in ASSLiB studies and is not 
anticipated to induce significant structural alterations or distortions. To 
improve X-ray transmission and achieve high-resolution X-ray CT im
ages, the pellets were punched into 0.3 mm diameter disks using a hand 
punch (NOGAMI). The 0.3 mm cathode samples were placed in air-tight 
jigs with molecular sieves (type 3A, Kanto Chemical), which were used 
to absorb water vapor within the jig’s internal gas space [18]. The 
air-tight jigs were made of polyetheretherketone, a material with a high 
X-ray transmission ratio [18,19]. All procedures, from compression to 
installation in the jig, were performed in an argon-filled glove box with a 
low dew point (<− 80 ◦Cdp).

X-ray CT imaging of the cathode samples was performed by scanning 
through 360◦ using an X-ray CT system (Rigaku, customized nano3DX) 
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with a molybdenum target, tube voltage of 45 kV, and current set to 66 
mA [10]. For each cathode type, 1000 images were captured with an 
exposure time of 30 s per image. CT reconstructed images (325 nm ×
325 nm × 325 nm voxel size) were generated from the series of trans
mission images. In the X-ray CT images, the AM and SE regions were 
distinct.; the AM particles appeared white, whereas the SE and void 
regions appeared black as shown later in Fig. 1 (1) and Fig. 2 (1). This 
contrast occurs because the X-ray absorption coefficient is higher for the 
AM than for the SE and void regions. The voids are small and have low 
resolution, mainly contained within the SE region. In addition, the X-ray 
CT images acquired in this study showed clear shapes of AM particles 
and SEs, and no structural destruction or distortion due to compression 
was observed at 200 MPa compression.

2.1.2. Cathode half-cell discharge experiment
Two cathode cells with different AM particle sizes were assembled to 

perform discharge experiments. First, a cell comprising a 10 mm 
diameter Macor cylinder and a stainless-steel cathode current collector 
was filled with 90 mg of SE (i.e., Li-argyrodite, ionic conductivity of 3.5 
mS/cm), which was then compressed at 185 MPa. Next, 14.1 mg of the 

same cathode composite used for the X-ray CT measurements was placed 
on the SE layer and compressed at 555 MPa. Through these processes, 
the SE layer and cathode layer were fabricated with thicknesses of 430 
and 43 μm, respectively. The thickness of the SE and cathode layers were 
measured by using a micrometer after the cathode half-cell was removed 
from the jig. The thickness variation of both SE and cathode layers was 
less than 2 %, confirming good reproducibility in several samples. In 
addition, deformation with 200 MPa compression is estimated to be less 
than 1 % because Young’s modulus of both the AM and sulfide SE exceed 
20 GPa. Therefore, the deviation in thickness measurement under non- 
pressurized condition is considered negligible. Lastly, lithium foil was 
positioned as the counter electrode and compressed at 93 MPa, 
completing the cell. Different compression procedure was the result of 
optimizing for different material properties and purposes. As mentioned 
above, the SE was first compressed to fabricate SE layer as a temporary 
forming pressure. Then the cathode composite powder was placed on 
the SE layer, and they were pressed to bond well at the interface by 
interspersing temporary molding process. On the other hand, since the 
lithium foil is a soft material, it was finally bonded at a relatively low 
surface pressure to both retain its shape and ensure contact. These 
procedures were all conducted in a glove box filled with argon and 
maintained at a low dew point (<− 80 ◦Cdp). Finally, the completed cells 
were used to perform discharge experiments under a constant current 
ranging from 0.189 to 15.12 mA (0.1–8C) and a potential range of 4.2 to 
3.2 V vs. Li+/Li. The discharge experiments were conducted after the 
assembled cells rested for 10 h. Moreover, the assembled cell underwent 
electrochemical conditioning consisting of two 0.1C charge-discharge 
cycles for 40-h period to stabilize the interface.

2.2. Numerical procedures

First, the common calculation methods and parameters used for P2D 

Fig. 1. Structural data import and meshing process used to construct the P2D 
simulation model from X-ray CT images. (1) electrode structure measured by X- 
ray CT images, AM: white, SE and void: black, (2) Binarization on X-ray CT 
image, AM: white, SE and void: gray, (3) fabrication of electrode structure by 
image process, (4) calculation of the structural parameters such as tortuosity (τ) 
and effective AM diameter (DSCA), (5) fabrication of ASSLiB structure used in 
P2D simulation, 1D: entire ASSLiB structure, 2D: electrode structure, (6) mesh 
of ASSLiB structure for simulation.

Fig. 2. Structural data import and meshing process used to construct the 3D 
simulation model from X-ray CT images. (1) electrode structure measured by X- 
ray CT images, AM: white, SE and void: black, (2) Binarization on X-ray CT 
image, AM: white, SE and void: gray, (3) fabrication of AM structure by image 
process, (4) fabrication of electrode directly applied to actual AM structure, (5) 
fabrication of ASSLiB structure used in 3D simulation, (6) mesh of ASSLiB 
structure for simulation.
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simulations and 3D simulations are described, and then the numerical 
simulations for each model are demonstrated.

2.2.1. Common features of the P2D and 3D ASSLiB models
The P2D and 3D ASSLiB models were constructed based on the 

structural conditions used in the discharge experiments. The common 
parameters of these models are shown in Table 1, which were not ob
tained from the CT images. The cathode thickness (Lcathode) was 43 μm, 
and the volume fractions of AM (ϵAM), SE (ϵSE) and void (ϵVoid) were 
0.46, 0.44, and 0.1, respectively. The thickness of the SE layer (LSE layer

)

was 450 μm. Several governing equations were employed at the lithium 
foil-SE interface, SE, AM-SE interface, and AM in these two simulations. 
First, the Butler–Volmer equation was used at the lithium foil-SE 
interface. 

iLi− SE = i0a

[

exp
(

αFη
RT

)

− exp
(
− αFη
RT

)]

(1) 

α, iLi− SE, i0a, F, and η represent the reaction transfer coefficient, cur
rent density at the lithium foil-SE interface, exchange current density at 
the anode, Faraday constant, and activation overpotential, respectively. 
The α value was set at 0.5, and the exchange current density at the 
anode, i0a, was set at 22.5 A/m2. The batteries used in experiments were 
small, and the effect of heat generation was negligible, meaning that the 
battery temperature was approximately constant at room temperature. 
Therefore, T was set at 298 K. In this study, the small cell (Φ10 mm) used 
for discharge experiments was pressed and enclosed within a large 
stainless-steel jig, which served as an effective heat sink. While heat 
generation is expected at high current densities such as 8C, the thermal 
mass and high thermal conductivity of the jig ensured rapid heat dissi
pation. From the discharge experiment, no significant temperature rise 
was detected during high-rate discharge, supporting the assumption of 
isothermal conditions at 298 K.

Next, the Nernst–Planck and Maxwell equations for the SE were used. 

∇× E→= 0 (2) 

E→= − grad(ϕ) (3) 

∇ ⋅ j
→

=0 (4) 

E→=
ϵSE

τ σ⋅ j
→

(5) 

boundary condition : ∅|Li− SE interface =0,
∂∅
∂x

⃒
⃒
⃒
⃒
cathode C.C.

=0 

E→, ϕ, j→, ϵSE, σ and τ are the electrical field intensity vector, ionic 
electrical potential, current density vector, volumetric fraction of the SE, 
ionic conductivity of the SE, and tortuosity of the SE, respectively. The 
ion conductivity of SE was set at 3.5 mS/cm, as observed in the 
discharge experiments [20]. In the P2D simulation, the SE tortuosity was 

directly substituted for the value calculated from the X-ray CT image. 
However, in the 3D simulation, the SE tortuosity was determined using 
the Bruggeman correlation, τ = ϵSE

− 1/2 to consider the effect of voids in 
the SE [21]. Since the resolution of CT images is limited, voids within the 
SE cannot be clearly distinguished and are instead treated as part of the 
SE. To account for the effect of these unresolved voids, Bruggeman 
correlation was used to estimate the tortuosity of the SE-void mixture 
and corrected the ionic conductivity accordingly. In the boundary con
dition equation, x denotes the thickness direction of the ASSLiB.

The electrochemical reaction at the SE-AM interface was calculated 
using the Butler–Volmer equation. 

iAM− SE = i0c

[

exp
(

αFη
RT

)

− exp
(
− αFη
RT

)]

(6) 

α, F, and η indicate that the reaction transfer coefficient, Faraday con
stant, and activation overpotential, similar to equation (1). iAM− SE and i0c 
refer to the current density at the SE-AM interface and exchange current 
density at the cathode, respectively. The α value was also set at 0.5, and 
the exchange current density at the cathode, i0c, was set at 1 A/m2 [22]. 
T was set at 298 K for the same reason as in equation (1).

Lithium diffusion in the AM was calculated using the following 
equation. 

∂c
∂t

+∇⋅(− D∇c) = 0 (7) 

c and D are the lithium concentration and diffusion coefficient in the 
AM, respectively. The maximum value of c (cmax) was 55,000 mol/m3. 
The lithium diffusion coefficient in the AM (D) was set at 2.9 × 10− 15 

m2/s [23]. This value was determined using the muon spin relaxation 
method and was chosen for the 3D simulations. Moreover, the use of a 
liquid electrolyte increases the apparent diffusion coefficient because of 
its penetration into cracks in the AM [24]. Therefore, the diffusion co
efficient was measured in the AM without using a liquid electrolyte.

These equations were solved for the two simulation models using 
meshes. For each mesh, an instantaneous solution (i.e., for the lithium 
concentration, ionic potential, and electronic potential) was obtained by 
solving a system of linear equations discretized using the Galerkin finite 
element method with the conjugate gradient method. Furthermore, by 
expanding the time evolution equations and solving them in a non- 
stationary manner, we calculated the variation in each distribution as 
the discharge reaction progressed. The P2D and 3D simulations were 
performed using COMSOL Multiphysics (V6.2) software with a battery 
design module.

2.2.2. Numerical simulation using the P2D ASSLiB model
The P2D simulations were performed as previously described [10]. 

Fig. 1 illustrates the procedures used to construct the P2D simulation 
model with X-ray CT. The SE tortuosity and AM specific contact area 
diameter (DSCA) were calculated to build P2D ASSLiB models. SE tor
tuosity can be used to estimate the lithium-ion transport characteristics 
in SE [10]. DSCA refers to the AM diameter of a sphere, indicating the 
AM-SE interfacial area and the degree of AM particle aggregation. These 
structural parameters were acquired from the CT images of the electrode 
structure, which was generated in 3D through binarization and image 
processing (Fig. 1(2) and (3)). Then, the SE tortuosity values were 
computed by electric field analysis using the 3D electrode structure [25,
26]. DSCA values were determined from the AM-SE interface area and the 
corresponding AM particle volumes in 3D structures (Fig. 1(4)). These 
parameters are shown in Table 2. SE tortuosity (τ) was 1.61 in the 
electrode with D50AM = 6 μm and 1.46 in the electrode with D50AM =

12 μm. AM specific contact area diameter (DSCA) was 12.2 μm in the 
electrode with D50AM = 6 μm and 19.5 μm in the electrode with D50AM 
= 12 μm. Using these structural parameters, the lithium-ion trans
portation in the SE and the electrochemical reactions at the AM-SE 
interface were calculated in a one-dimensional (1D) battery model, 

Table 1 
Parameters used for P2D and 3D simulations.

Parameter Value

i0a Exchange current density in anode 22.5 A/m2

i0c Exchange current density in cathode 1 A/m2

α Reaction transfer coefficient 0.5
ϵSE SE volume fraction 0.46
ϵAM AM volume fraction 0.44
ϵVoid Void volume fraction 0.1
σ Ionic conductivity of SE 3.5 mS/cm
cmax Maximum lithium concentration in AM 55,000 mol/m3

D Lithium diffusion coefficient in AM 2.9 × 10− 15 m2/s
Lcathode Thickness of cathode 43 μm
LSE layer Thickness of SE layer 450 μm
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using the x-axis as the cell thickness direction. From this model, lithium 
diffusion in the AM was calculated in a 2D cathode model, using the 
x-axis as the cathode thickness direction and the y-axis as the AM par
ticle radius (Fig. 1(5)). In the 1D model, the minimum and maximum 
element sizes of the mesh were approximately set at 4.78 × 10− 6 and 
1.82 × 10− 5 m, respectively, and the maximum element growth rate was 
1.25. In the 2D model, the minimum and maximum element sizes of the 
mesh were approximately set at 1.15 × 10− 6 and 1.02 × 10− 7 m, 
respectively, and the maximum element growth rate was set at 1.3 
(Fig. 1(6)). Therefore, 46 elements were used for the 1D model and 1000 
elements for the 2D model for both 6 μm and 12 μm AM particles. The 
mesh convergence has already been investigated in a previous study of 
P2D simulation [10]. After this process, P2D simulations were per
formed using the governing equations mentioned in Section 2.2.1. The 
following boundary condition was used in equation (7), for calculating 
lithium diffusion in the AM. 

∂c
∂r

⃒
⃒
⃒
⃒
r=0

=0 (8) 

r is the AM radius, and r = 0 indicates the center of the AM particle.

2.2.3. Numerical simulation using the 3D ASSLiB model
Fig. 2 illustrates the procedures used to construct the 3D simulation 

model with X-ray CT. Notably, the discharge simulations were con
ducted by applying the actual electrode structure to the 3D ASSLiB 
model. The AM structures were obtained through binarization and 
image processing, using X-ray CT images (Fig. 2(2) and (3)). Then, the 
obtained AM structures were filled with SE (Fig. 2(4)). In Fig. 2(4), the 
AM parts are shown in blue, and the SE parts are shown in gray. The total 
3D ASSLiB structure was generated by combining these electrodes with 
lithium foil and the SE layer (Fig. 2(5)). The tetrahedral mesh is 
demonstrated in Fig. 2(6). Here, the mesh is rough because the SE layer 
only allows lithium ions to flow toward the cathode, but the mesh is 
finer in the cathode because various reactions take place at the AM-SE 
interface and in the AM. The minimum and maximum element sizes of 
the tetrahedral mesh in the SE layer were approximately set at 2.88 ×
10− 8 and 4.97 × 10− 5 m, respectively, and the maximum element 
growth rate was 1.5. The minimum and maximum element sizes of the 
tetrahedral mesh in the cathode were approximately set at 1.51 × 10− 8 

and 3.55 × 10− 6 m, respectively, and the maximum element growth rate 
was 1.4. Therefore, in 3D simulation for 6 μm and 12 μm AM particles, 
the numbers of tetrahedral elements were set at 615133 and 457737, 
respectively. The 3D simulations were also performed for a finer mesh of 
half the size, and similar results were obtained for battery performance. 
Therefore, the mesh convergence was confirmed by the output results. 
Using the Galerkin finite element method and the mesh size variation 
with position can reduce the computation cost of 3D simulations. 
Typical 3D simulations can take several hours, but our 3D simulations 
were performed in 6–20 min, for each C-rate. After the 3D ASSLiB model 
was meshed, 3D simulations were conducted using the equations 
mentioned in Section 2.2.1., for each tetrahedral mesh. The following 
boundary condition was used in equations (2)–(5), for the SE plane that 
faces outward in the y- and z-directions to prevent mass and charge 
leakage. 

n→ ⋅∇ϕ=0 (9) 

n→ is the normal vector. This boundary condition is based on the ASSLiB 
structure, where lithium transport predominantly occurs in the x-di
rection (through-plane direction). No unnatural transport behavior is 
observed due to the boundary condition, as the simulation results near 
the domain boundaries were consistent with those in the central region 
even at high C-rate discharge. The following boundary condition was 
used in equation (7), for the AM plane that faces outward from the 
cathode in the y- and z-directions. 

n→ ⋅∇c=0 (10) 

3. Results and discussion

3.1. Comparison of the 3D simulation results with P2D simulation and 
experimental results

Fig. 3 shows the C-rate dependence on the discharge capacity for 
each cathode type (D50AM = 6 or 12 μm), obtained using experimental, 
P2D simulation, and 3D simulation methods. In Fig. 3(a) and (b), the red 
circles with solid lines represent the discharge capacity determined in 
the discharge experiment, the blue circles with solid lines represent the 
discharge capacity obtained in the P2D simulation, and the green circles 
with solid lines represent the discharge capacity obtained in the 3D 
simulation. Fig. 3(a) shows the results for the 6 μm median AM particle 
diameters, and Fig. 3(b) shows the results for the 12 μm median AM 
particle diameters. The plots show that the experimental discharge ca
pacity decreases with increasing C-rate and D50AM. The P2D simulation 
results qualitatively reproduce the decrease in discharge capacity with 
increasing C-rate and D50AM, but not quantitatively. This quantitative 
differences between P2D simulation and experimental results originate 
from P2D models that rely on average structural parameters, which 
cannot account for particle size variation and asymmetric diffusion. The 
3D simulations are more consistent with the experimental results. In 3D 
simulation, the cathode structure was adopted directly from X-ray CT 

Table 2 
Parameters used for P2D simulation.

Parameter Value from X-ray CT

τ SE tortuosity 1.61 (D50AM = 6 μm) 
1.46 (D50AM = 12 μm)

DSCA AM specific contact area diameter 12.2 μm (D50AM = 6 μm) 
19.5 μm (D50AM = 12 μm)

Fig. 3. C-rate dependence of the discharge capacity: (a) D50AM = 6 μm, (b) 
D50AM = 12 μm, for the experiment (red), P2D simulation (blue), and 3D 
simulation (green). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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images. While minor deviations may exist at the SE–cathode interface 
due to image trimming, this region is relatively small and has minimal 
influence on the overall simulation results. These findings indicate that 
the 3D simulations are valid because they can reflect the cathode 
structure, better captures the spatial inhomogeneities and particle-level 
configurations, enabling more realistic and accurate simulation of bat
tery behavior.

Fig. 4 shows the discharge curves obtained at 0.1 ((a), (d)), 2 ((b), 
(e)) and 6C((c), (f)) for the two D50AM values, generated by experiments, 
P2D simulations, and 3D simulations. The red lines show the discharge 
curves with the experimental method, the blue lines represent the P2D 
simulation results, and the green lines represent the 3D simulation re
sults. Fig. 4(a), (b), and (c) illustrate the results for the 6 μm AM parti
cles, and Fig. 4(d), (e), and (f) show the results for the 12 μm AM 
particles. Fig. 4 shows that the discharge capacities obtained from ex
periments, P2D simulations, and 3D simulations decrease with the 
increasing C-rate and D50AM, similar to the results shown in Fig. 3. The 
discharge curves at 0.1C exhibit a lower potential loss from the starting 
point than those at 6C. This is because the 0.1C discharge curves have a 
low IR overpotential in the SE and a low activation overpotential at the 
AM-SE interface because of the low current density. Additionally, the 
change in potential loss with the gradient of the discharge curves is due 
to the overpotential related to lithium diffusion in the AM, where the 
0.1C discharge curves have a lower gradient than the 6C discharge 
curves. These results indicate that the discharge curves at 6C are more 
strongly influenced by the lithium diffusion overpotential. In Fig. 4, the 
discharge curves obtained by 3D and P2D simulations are almost 
consistent with the experimental results at 0.1C. This is because low 
overpotentials are generally reproduced at 0.1C, and the discharge 
curves represent the open-circuit voltage (OCV) curves. This confirms 
that using the actual electrode structures in the simulation does not have 
a significant impact on the results obtained at the lower C-rate (0.1C). 
However, the P2D simulation results differ from the experimental results 
at higher C-rates (2 and 6C), whereas the 3D simulation results remain 
consistent with the experimental results, especially the gradients of the 
discharge curves.

To help clarify the reason for the high precision of the 3D simulation 
or the discrepancy between the P2D simulation and the experimental 
results at the higher C-rate, overpotential isolation was performed on the 
discharge curves. Fig. 5 presents the overpotential isolation results for 
the OCV and 6C discharge curves using each D50AM. Fig. 5(a) and (b) 

shows the results of 3D simulations for 6 and 12 μm AM particles, 
respectively. Fig. 5(c) and (d) shows the results of P2D simulations for 6 
and 12 μm AM particles, respectively. The IR overpotential and activa
tion overpotential were obtained from each simulation and calculated 
based on the ionic potential difference in the SE region near the anode 
and cathode. The activation overpotential was calculated from the sum 
of the potential difference at the AM-SE interface in the cathode and the 
lithium foil-SE interface in the anode. The overpotential related to 
lithium diffusion in the AM was determined by excluding the over
potential with IR overpotential and activation overpotential between 
the OCV and 6C discharge curves. In Fig. 5, the capacity reduction at the 
end of discharge due to IR overpotential and activation overpotential 
was low, which is similar to that at the end of the OCV curve. These 
results indicate that the capacity reduction is highly dependent on the 
overpotential related to lithium diffusion in the AM, which affects the 
gradient of the discharge curves. For the 6 μm median AM particle di
ameters, these capacity reductions are minimized, so lithium diffusivity 
is higher in the case of the smaller AM particles. The results of the 6 μm 
AM particles ((a), (c)) indicated that the overpotential with IR over
potential and activation overpotential are almost equal for both the 3D 
and P2D simulations. This is also observed for the 12 μm AM particles 
((b), (d)). However, the overpotentials associated with lithium diffusion 
in the AM differ between the 3D and P2D simulations. P2D simulations 
used the structural parameters calculated from CT images, whereas 3D 
simulations incorporated the real electrode structure directly, going 
beyond the use of structural parameters to calculate internal phenom
ena. These results indicate that the 3D simulations, using the actual AM 
structure in the cathode, can reproduce the lithium diffusion over
potential more accurately than P2D simulations.

3.2. Lithium diffusion characteristics in AM based on 3D simulations

We found that the 3D simulation using the real electrode structure 
has high precision, as shown in Figs. 3–5. Next, we determined the 
lithium concentration distribution in the AM to discuss the lithium 
diffusion characteristics in actual AM structures using the 3D simulation 
model. Figs. 6 and 7 show the lithium concentration distributions ob
tained at 2 and 6C discharge in the real AM structures comprising each 
D50AM, for the entire AM structure and cross-sections taken from parts of 
the AM structure. These cross-sections are composed of relatively small, 
medium, and large particle sizes. The entire AM structure shows the 

Fig. 4. The 0.1C discharge curves for experiments, P2D simulations, and 3D simulations using (a) D50AM = 6 μm and (d) D50AM = 12 μm; 2C discharge curves for 
experiments, P2D simulations, and 3D simulations using (b) D50AM = 6 μm and (e) D50AM = 12 μm; and 6C discharge curves for experiments, P2D simulations, and 
3D simulations using (c) D50AM = 6 μm and (f) D50AM = 12 μm.
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lithium concentration distribution at the end of the 6C discharge (Fig. 6 
(a) and 7(a)). The cross-sections show the changes in the lithium con
centration distribution with the increasing discharge time at 6C (Fig. 6 
(b), 7(b)) and 2C (Fig. 6(c) and 7(c)). Fig. 6 shows the results of 6 μm AM 
particles, and Fig. 7 shows the results of 12 μm AM particles. Note that 
the lithium concentration is uniform across the entire AM structure 

surface in Fig. 6(a) and 7(a). This is because the SE in the electrode has 
sufficient ionic conductivity, and the electrode thickness is small enough 
that the lithium concentration distribution in the electrode direction is 
not evident. In contrast, the lithium concentration is inhomogeneous 
across the cross-sections in (b) and (c) of Figs. 6 and 7. These cross- 
sections show that lithium accumulated from the AM surface to the 
center as the discharge progressed. In the cross-section results at 6C 
(Fig. 6(b)), relatively large particles (7–8 μm) exhibit low lithium con
centrations at the center, even when the discharge continued. 
Conversely, medium (4–5 μm) and small (2–3 μm) AM particles have 

Fig. 5. Overpotential isolation between the OCV (red) and 6C (blue) discharge 
curves for (a) D50AM = 6 μm and (b) D50AM = 12 μm with 3D simulation, as 
well as (c) 50AM = 6 μm and (d) D50AM = 12 μm with P2D simulation. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 6. 3D lithium concentration distribution across the entire electrode 
structure of the D50AM = 6 μm at the end of 6C discharge (a), and the cross- 
sectional lithium concentration distribution in AM particle deviation for 
D50AM = 6 μm electrode according to the change in discharge time of 6C 
discharge (b) and 2C discharge (c).
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high lithium concentrations at the center. The lithium concentration on 
the AM surface is almost the same as that at the particle center, for the 
small AM particles. In the cross-section results at 2C (Fig. 6(c)), the small 
AM particle still has a high lithium concentration at the surface and 
center, whereas the large and medium AM particles have higher lithium 
concentrations than those observed in the corresponding 6C results. 
These findings indicated that the AM particles have higher lithium 
diffusivity at 2C owing to their lower overpotential, which is related to 
the lithium diffusion with low discharge speed. This trend can also be 
seen in Fig. 7(b) and (c). The cross-section results at 6C (Fig. 7(b)) 

indicate that the relatively large (15–16 μm) and medium (12 μm) AM 
particles accumulated lithium only on the surface as the discharge 
progressed, which resulted in the suppression of lithium diffusion to the 
center. Although the cross-sectional results for 2C in Fig. 7(c) show 
higher overall lithium concentrations than those for 6C, they exhibit a 
similar effect. In other words, the cross-section results in Fig. 7 indicate 
that only the relatively small AM particles (4 μm) exhibit discharge 
capacity, whereas the results in Fig. 6(b) and (c) indicate that both the 
small and medium AM particles contribute to the discharge capacity. 
The results of the electrode fabricated with smaller AM particle (Fig. 6) 
exhibit more uniform lithium distribution and higher discharge capacity 
due to more effective utilization of the entire particle volume. Especially 
in high C-rate conditions, this effect is noticeable, so reducing particle 
size is effective. This phenomenon is mainly attributed to diffusion 
overpotential rather than to the activation overpotential caused by 
interface resistance. Activation overpotential is almost the same for 
electrodes composed of either large or small particles. On the other 
hand, Smaller AM particles have a shorter diffusion distance from the 
interface to the center, resulting in a lower overpotential associated with 
Li diffusion. Hence, even if lithium is deposited on the AM-SE interface, 
the Li diffusivity increases, which leads to higher Li concentration in the 
AM particle center. However, in larger AM particles, lithium is accu
mulated near the surface and suppressed lithium diffusion to the center, 
causing higher overpotential. These findings investigate the direct 
relationship between particle size and diffusion-limited behavior in 
ASSLiBs, underscoring the importance of particle size optimization in 
cathode design. Moreover, the lithium concentration of smaller AM 
particles is higher in the center even with the same electrode. The 3D 
simulation results in this study demonstrate that it is important to 
consider particle size and its distribution in AM design. In particular, 
excessively large particles can lead to localized lithium accumulation, 
which negatively impacts overall battery performance. Therefore, 
minimizing particle size deviation is a key factor in ASSLiB performance, 
not just optimizing particle size. Ultimately, 3D simulations that can 
accurately calculate the device characteristics over long distances are 
expected to support more efficient battery development.

4. Conclusions

To enhance the performance of ASSLiBs, it is necessary to optimize 
the electrode structure through high-precision simulation. Although 
P2D simulations and some 3D simulations have been conducted, 
experimental results have not been extensively reproduced using sim
ulations based on actual electrode structures. In this study, we devel
oped a highly accurate 3D simulation method that incorporates 
complete electrode structures to investigate the effects of AM particle 
size on ASSLiB performance. Electrode structures with two different D50 
a.m. particle sizes were obtained from X-ray CT images, and the validity 
of the 3D simulations was confirmed by comparing the results with 
experimental data and P2D simulations. The findings demonstrated that 
3D simulations, which can fully account for AM particle size and shape 
deviations, show closer agreement with the experimental results than 
the P2D simulations, especially regarding the gradient of the discharge 
curves associated with the lithium diffusion overpotential in the AM at 
high C-rates. The 3D simulation results also suggested that smaller AM 
particles exhibit high lithium concentrations at the particle center even 
within the same electrode structure. As discharge progresses, a high 
lithium concentration accumulates on the AM particle surfaces, which 
blocks lithium diffusion into the center. However, smaller AM particles 
experience less impact from lithium accumulation owing to their shorter 
diffusion distances, resulting in lower lithium diffusion overpotentials 
and improved lithium diffusivity. Therefore, in addition to AM particle 
size, deviations in AM particle diameter significantly contribute to 
ASSLiB performance. Moreover, this 3D simulation method can be used 
to comprehensively evaluate the effects of real device structures on 
larger scales and supports further development of high-performance 

Fig. 7. 3D lithium concentration distribution across the entire electrode 
structure of the D50AM = 12 μm at the end of 6C discharge (a), and the cross- 
sectional lithium concentration distribution in AM particle deviation for D50AM 
= 12 μm electrode according to the change in discharge time of 6C discharge 
(b) and 2C discharge (c).
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batteries.
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